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1 Correspondinf Author. Email: cbritson@olemiss.edu 
Email: m@olemiss.edu 
Multiple stressors have been proposed as causative agents for declining populations and increased incidence of malformations in 
amphibians although few studies have examined possible interactions among these stressors. We measured interactive effects of UV 
radiation, three chemicals, and interspecific competition (with Rana 1phenocephala) on multiple endpoints in Hy/a chry101celi1 using a 
center point- and chemical-free control-enhanced 24 factorial design. UV radiation was transmitted or filtered using OP-4 or OP-3 
acrylite filters installed above 72, 500-liter mesocosms on 16 May 1997. Methyl mercury, chlorpyrifos, and atrazine were applied at 
levels of 0, 10, 50, and 100 % of 400 ppb, 30 ppb, and 192 ppb, respectively, on 8 June. Hatching success and larval monality were 
assessed 1, 2, 4, 8, 16, and 32 days after chemical application. After sampling on day 32, chemicals were reapplied to 24 mesocosms, 
initial water levels were restored in 24 additional mesocosms, and the remaining mesocosms were unmanipulated. On day 33, we 
placed 25 Hy/a eggs in each mesocosm to perform a complete larval assessment of interacting stressors on growth, development, 
metamorphosis, and incidence of malformations. Interactions among stressors affected hatching success, developmental time, number 
of metamorphs, and incidence of malformation. Single effects of stressors were uncommon in that only larval mortality was unaffected 
by potential stressor interactions. If interactive effects of stressors are not evaluated in experiments examining population declines and 
malformations, results may be misinterpreted leading to ineffective conservation effons. 
INDEX DESCRIPTORS: Rana 1phenocephala, Hy/a chry101celiJ, methyl mercury, chlorpyrifos, atrazine, UV radiation, metamorphosis, 
amphibians, malformations. 
Experiments addressing potential causes of declining amphibian 
populations or developmental malformations usually examine a sin-
gle or sometimes two anthropogenic (e.g., pesticides) or environ-
meq.tal (e.g., UV radiation) stressors. These experiments also ex-
amine effects on a discrete portion of the amphibian life cycle, 
usually larval, and extrapolate results to population changes. For 
example, Blaustein et al. (1997) and Alvarez et al. (1995) dem-
onstrated increased incidence of developmental malformations in 
anuran embryos or tadpoles in response to UV radiation and two 
pesticides (applied separately), respectively. Kiesecker and Blaustein 
(1995) and Long et al. (1995) examined interacting effects of UV 
radiation and a pathogen or pH on embryo mortality. Howe et al. 
(1998) examined single and interactive effects of field-grade for-
mulations of atrazine and alachlor on short-term survival (e.g., 96 
h) in larval anurans and predicted long-term (e.g., 30 d) survival 
based on their results. These approaches, while logistically feasible 
under most experimental conditions, do not approach the com-
plexity of natural conditions in which many, potentially interacting 
stressors may be present. 
As an example of the importance of examining interacting stress-
ors, we conducted an experiment to examine effects of four stressors 
(atrazine, chlorpyrifos, monosodium methanearsonate = MSMA, 
methyl mercury) on multiple endpoints in wetland mesocosms in 
1996 (Threlkeld et al. unpubl.). Breeding gray treefrogs (Hy/a chry-
soscelis) naturally colonized outdoor mesocosms during the experi-
ment (Britson and Threlkeld 1998). Although there was no exper-
imental control for date of egg deposition (i.e., colonization) or 
initial number of eggs deposited per mesocosm, negative correla-
tions were found between tadpole abundance and methyl mercury 
and between tadpole abundance and atrazine (Britson and Threlk-
eld 1998). Positive correlations were found between the percent 
frequency of leg malformations and chlorpyrifos and between per-
cent frequency of lordosis and MSMA (Britson and Threlkeld 
1998). Specific questions regarding egg mortality and density ef-
fects on juvenile development, which we were unable to examine 
with these data, were addressed in 1997 in conjunction with a 
second experiment examining effects of multiple stressors on or-
ganismal (e.g., bacteria, zooplankton, crayfish, periphyton, am-
phibians, etc.), population, and ecosystem responses in wetland me-
socosms (Threlkeld et al. unpubl.). 
In 1997 we examined multiple endpoints in H. chrysoscelis and 
southern leopard frogs (Rana sphenocephala) in response to poten-
tially interacting anthropogenic and environmental stressors (e.g., 
atrazine, chlorpyrifos, methyl mercury, UV radiation). We mea-
sured survival, mass, length, developmental stage, behavior (in situ 
and laboratory observations), chemical residues, DNA strand break-
age, apoptosis, acetylcholinesterase activity, and glutathione levels 
in R. sphenocephala tadpoles (Threlkeld et al. unpubl.) and these 
data will be reported elsewhere. Our present report will address 
hatching success and larval mortality in H. chrysoscelis (assayed after 
each sampling day) and a complete larval assessment of multiple, 
interacting stressors on H. chrysoscelis growth, development, meta-
morphosis, and incidence of malformations. These responses were 
also examined with respect to potential interspecific competition 
between H. chrysoscelis and R. sphenocephala. 
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Fig. 1. Design points represented within one group of 24 mesocosms 
(three groups total). Ovals and squares represent one and two meso-
cosms per design point, respectively. Axes represent percent of max-
imum nominal chemical concentration (methyl mercury (Hg), max = 
400 ppb; chlorpyrifos, max = 30 ppb; atrazine, max = 192 ppb}. 
METHODS 
Experimental Facilities and Design 
Our experiment was conducted in a fenced enclosure of 72, 500-
1 aquatic mesocosms at the University of Mississippi Field Station 
(UMFS). The enclosure was bordered on the north and south by 
constructed ponds and the west by a spring-fed stream and lowland 
forest. Within the enclosure, mesocosms were contained in a 30 mil 
thick pond liner. Mesocosms were filled with spring water from the 
UMFS between 25 March and 1 April 1997. Initial conditions in-
cluded addition of Lemna sp. and invertebrates to the mesocosms via 
spring water, and natural colonization of mesocosms by invertebrates 
and microorganisms occurred throughout the experiment. Air tem-
perature and rainfall were monitored continuously throughout the 
experiment with a Li-Cor 1000 data logger. 
On 16 May 1997 OP-4 and OP-3 acrylite filters (AIN Plastics, 
122 cm X 122 cm X 3 mm) which transmit or filter ambient UV 
radiation, respectively, were installed to 36 mesocosms each. Filters 
were bolted 8-16 cm above mesocosms to allow for air circulation 
and drainage of rainfall, and were moveable to allow access to me-
socosms. UV radiation and photosynthetically active radiation (PAR) 
were monitored continuously during the experiment with Interna-
tional Light UV radiation and Li-Cor PAR sensors and a Li-Cor data 
logger. OP-4 filters transmitted >98% and OP-3 filters blocked 
95% of ambient UV radiation (<380 nm) throughout the experi-
ment. 
A chemical-free control- and center point-enhanced 24 experi-
mental design (Montgomery 1997) was used to examine effects of 
multiple, interacting anthropogenic and environmental stressors on 
amphibian development (Fig. 1). Our four stressors were UV radi-
ation, the agrichemicals atrazine (2-chloro-4-ethylamino-6-isopro-
pylamino-s-triazine) and chlorpyrifos [0,0-diethyl 0-(3,5,6-trichloro-
2-pyridyl) phosphorothioate}, and the metal methyl mercury (meth-
ylmercuric chloride). Each factor was applied to mesocosms at 1 of 
2 levels (transmitted or filtered UV radiation, and 10% or 100% of 
maximum concentration for each chemical). In addition to these 16 
design points (i.e., mesocosms), additional mesocosms with 0% or 
50% of maximum concentration for each chemical (2 each at each 
UV level) allowed addition of chemical-free controls and center 
points to the experiment. Maximum concentrations of atrazine, 
chlorpyrifos, and methyl mercury were 192 ppb, 30 ppb, and 400 
ppb, respectively. Atrazine and chlorpyrifos were 98% pure from 
Chem Service, West Chester, PA. Methyl mercury was 97-99% pure 
from Pfaltz and Bauer, Waterbury, Connecticut. Maximum concen-
trations of atrazine and chlorpyrifos equalled the expected environ-
mental concentration (EEC) derived from a model (US EPA 1995) 
using normal agricultural application rates and chemical property 
data. The maximum concentration of methyl mercury was double 
the background concentration (200 ppb) present in the upper 1 cm 
of sediment in wetlands in the southeastern US. Chemicals were 
applied in a 5 ml aqueous acetone solution on 8 June 1997. A 5-
ml acetone solution was added to chemical-free controls. All chemical 
concentrations are represented as nominal values. Measured chemical 
concentrations have been analyzed and will be reported elsewhere 
(Threlkeld et al. unpub. data). Mesocosms were divided into 3 blocks 
of 24 mesocosms each to allow time-dependent sampling and resam-
pling of mesocosms during the experiment. The first block was sam-
pled on days 1 and 8, the second on days 2 and 16, and the third 
on days 4 and 32 following application. 
Study Organisms and Responses 
Ten clutches of R. sphenocephala eggs were collected during 9-19 
March 1997 from a resident population at the UMFS with no known 
previous exposure to environmental contaminants used in this ex-
periment. Eggs hatched in the laboratory, and tadpoles were main-
tained under conditions of 12L:12D photoperiod, 22-24°C, and 
twice weekly water changes using spring water from the UMFS and 
ad /ibitum feedings of a 3:1 mixture of powdered rabbit chow pellets 
and flake fish food (Britson and Kissell 1996). Ninety tadpoles were 
added to each of the mesocosms on 2 5 April 1997. All tadpoles were 
at stage 25 (Gosner 1960) and visibly free of developmental malfor-
mations prior to addition. Within the mesocosms tadpoles fed on 
periphyton and no addition of food was necessary. 
On each sampling day hatching chambers containing H. chrysoscelis 
eggs were added to sampled mesocosms (ten eggs each, days 1-16; 
six eggs each, day 32). Eggs were collected from water contained in 
the pond liner and were rinsed 3 times with fresh spring water. All 
clutches were combined to reduce possible genetic effects (Bridges 
and Gutzke 1997), and eggs were randomly selected and assigned 
to 1 of 24 hatching chambers (11 cm diameter, 5 cm high) that, 
when filled, floated level with the water surface. Chambers were 
monitored for 4 days to assess maximum number of eggs hatched 
and maximum number of surviving tadpoles. Tadpoles and any non-
viable eggs were removed from the hatching chambers after 4 days. 
Following sampling on day 32, chemicals were reapplied to the 
first block of mesocosms, additional spring water was added to the 
second block to compensate for evaporative loss, and the third block 
was not manipulated further. On day 33 (11 July), 25 H. chrysoscelis 
eggs were added free within each mesocosm to examine effects of a 
competitor (R. sphenocephala) on amphibian development from egg to 
metamorphosis in addition to multiple, interacting stressors and ma-
nipulations described above. The intensity of competition (for food, 
space, etc.) that H. chrysoscelis individuals were exposed to was esti-
mated by calculating the maximum number of R. sphenocephala com-
petitors present in each mesocosm during H. chrysoscelis development. 
The number of competitors was equal to the number of R. spheno-
cephala tadpoles removed from each mesocosm at the end of the ex-
periment (29 August) plus any metamorphs that emerged after 11 
July. 
Mesocosms were monitored daily for emerging metamorphs of ei-
ther species. Metamorphs were collected and the following responses 
recorded: days to metamorphosis (post addition to mesocosms), mass 
(g), snout-vent length (SVL, mm), and presence/absence of devel-
opmental malformations (e.g., lordosis, contortion of limbs, missing 
or partial limbs, and missing eyes). At the end of the experiment al\ 
tadpoles were removed from the mesocosms, identified to species, 
and examined for developmental malformations. Tadpoles and me-
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Fig. 2. Percent hatching success for Hy/a chyrsoscelis eggs incubated 
under interacting UV radiation and atrazine treatments for 4 days post 
24 June [Fo,13) = 4.95, P = 0.044} and 10 July 1997 [F0 ,12> = 4.95, 
P = 0.045}. Model root mean square error = 6.667 and 19.039, re-
spectively. 
tamorphs were euthanized and preserved in 10% buffered formalin 
after examination. All analyses were conducted using analysis of var-
iance (ANOVA) and covariance (ANCOVA) tests with Statistical 
Analysis Systems statistical software (SAS, Inc., version 6, Cary, 
North Carolina, 1987). The level of significance was set at O'. = 0.05 
for all tests. 
RESULTS 
Hatching success of H. chrysoscelis eggs was significantly affected 
by the interaction of UV radiation and atrazine on 24 June and 10 
July 1997 (days 16 and 32 after chemical application). Prior to 24 
June, hatching success was approximately 100% across all treat-
ments. On 24 June, hatching success decreased with increasing con-
centrations of atrazine under filtered UV radiation conditions (Fig. 
2). On 10 July, hatching success was highest under conditions of 
filtered UV radiation at 50% and 100% EEC levels of atrazine. Dur-
ing 4 days of observation post 9 June 1997, larval mortality (over 
and above egg mortality) was significantly affected by atrazine and 
chlorpyrifos treatments. Mortality increased with increasing atrazine 
concentration except for the 100% EEC level of atrazine, and mor-
tality was highest at 50% and 100% EEC levels of chlorpyrifos (Fig. 
3). Percent mortality is dependent on the number of hatched H. 
chrysoscelis tadpoles and reflects treatment effects on eggs as well as 
tadpoles. 
The maximum number of competing individuals (i.e., R. spheno-
cephala) present in each mesocosm, while affected by several treat-
ments prior to day 33 (Threlkeld et al. unpubl.), was added to the 
statistical model as a covariate for all analyses of H. chrysoscelis re-
sponses. The number of H. chrysoscelis metamorphs emerging from 
the mesocosms was affected by the interactions of methyl mercury, 
atrazine, and block; atrazine, chlorpyrifos, and block; and chlorpyr-
ifos, UV radiation, and block. In the first interaction the number of 
H. chrysoscelis metamorphs was lower at chemical concentrations be-
low 50 % of the mercury EEC where potential biotic interactions 
with competitors were greatest (Fig. 4). At higher mercury concen-
trations, chemical reapplication (block 1) reduced the number of 
metamorphs obtained except where atrazine was at 100% of the EEC 
20 
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Fig. 3. Percent mortality of Hy/a chrysoscelis tadpoles hatched under 
atrazine [Fo,12) = 4.57, P = 0.053} and chlorpyrifos [Fo,12) = 7.14, P 
= 0.02} treatments on 9 June 1997. Model root mean square error = 
9.354. 
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Fig. 4. Number of Hy/a chrysoscelis metamorphs obtained under in-
teracting methyl mercury, atrazine, and block (1 = chemical reappli-
cation, 2 = water refilling, 3 = no manipulations) treatments {F(2,26) 
= 4.19, P = 0.026} while in the presence of a competitor. Model root 
mean square error = 1.304. 
as compared to other block effects. In the second interaction a similar 
response pattern is present (Fig. 5). Fewer H. chrysoscelis metamorphs 
were obtained at chemical concentrations below 50% of the atrazine 
EEC. At higher concentrations, chemical reapplication as compared 
to other block effects, reduced the number of metamorphs obtained 
except where atrazine and chlorpyrifos were at 100% and 10% of 
their EECs, respectively. At this treatment combination the number 
of emerging metamorphs was similar. In the third interaction trans-
mitted UV radiation reduced the potential for competitive interac-
tions (i.e., number of R. sphenocephala individuals present) as well as 
the number of H. chrysoscelis metamorphs obtained (Fig. 6). At the 
center point (50% EEC) no H. chrysoscelis metamorphs were obtained 
from mesocosms where chemicals were reapplied (block 1). A lack 
of competition as well as chemical stress in center point mesocosms 
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Fig. 6. Number of Hy/a chrysoscelis metamorphs obtained under in-
teracting chlorpyrifos, UV radiation, and block treatments [F(2,26) = 
9.14, P = 0.001} while in the presence of a competitor. Block treat-
ments codes and root mean square error are identified in Fig. 4. 
from blocks 2 (water refilling) and 3 (no further manipulations) al-
lowed a greater number of H. chrysosce/is metamorphs to emerge. 
Chlorpyrifos and atrazine interacted to affect developmental time 
(post- 11 July 1997) in H. chrysoscelis. Developmental time was short-
est in the chemical-free control (0% EEC for all chemicals) and center 
point mesocosms (50% EEC for all chemicals; Table 1). Atrazine 
concentrations at 10% and 100% of the EEC increased developmen-
tal time. The mass/SVL ratio for H. chrysoscelis metamorphs was not 
affected by any experimental manipulation [F(23,13) = 0.26, P = 
0.997). 
There were 9 malformed R. sphenocephala individuals (tadpoles or 
metamorphs) representing 0.14% of all individuals introduced to the 
mesocosms (6480) and 0.42% of individuals surviving the experi-
ment (2107). There was no effect of experimental treatments on the 
number of R. sphenocephala malformations [Fo9,52) = 0.79, P = 
0.709]. There were 12 malformed H. chrysosce/is individuals repre-
senting 0.67% of all individuals introduced to the mesocosms (1800) 
Table 1. Days to metamorphosis for Hy/a chyrsoscelis meta-
morphs (post-11 July 1997) obtained under interacting chlor-
pyrifos and atrazine treatments [F(l,14) = 4.57, P = 0.05). Mod-
el root mean square error = 4.971. 
Nominal Nominal Concentration of Concentration Chlorpryifos ( % EEC) 
of Atrazine 
(%EEC) 0 10 50 100 
0 25.5 
10 31.8 29.1 
50 25.7 
100 30.8 28.9 
and 1.37% of individuals surviving the experiment (874). The num-
ber of malformations in H. chrysoscelis varied with chlorpyrifos [F(l,26) 
= 2.95, P = 0.097} and the interaction of UV radiation, atrazine, 
and block treatments [F(2,26) = 2.68, P = 0.087} but without a 
discernable dose-response pattern. For either species, there was no 
more than one malformation per affected individual and no one type 
of malformation was more common than another. 
DISCUSSION 
Interactive effects of stressors on H. chrysoscelis were common in 
this experiment. The complex nature of these interactions precludes 
their description as merely synergistic or antagonistic. Competition, 
in general, reduced population size in H. chrysoscelis at stressor levels 
where population size (i.e., number of metamorphs) might be ex-
pected to be greatest. The effect of this biotic stressor was also stron-
ger than chemical reapplication or restoration of initial water levels. 
UV radiation affected several responses in H. chrysoscelis but always 
in interaction with other stressors. Hatching success was affected by 
the interaction of UV radiation and atrazine on two separate dates. 
On 24 June, hatching success decreased in the presence of filtered 
UV radiation and increasing atrazine concentration. A similar pattern 
was not detected on 10 July though the interaction was still signif-
icant. A fungal infection was apparent on this date making definitive 
conclusions about the nature of a UV radiation and atrazine inter-
action suspect. All eggs collected on 11 July were visibly free of any 
fungal infection prior to addition to the mesocosms. 
In a review of the effects of UV radiation on amphibians, Licht 
and Grant (1997) found that field studies examining amphibian ex-
posure to UV radiation show conflicting results and that variation 
in abiotic (e.g., water depth, water color, and dissolved organic con-
tent) and biotic (e.g., jelly capsules around eggs, pigmentation of 
eggs, and color of larvae) factors may affect UV penetration through 
water and its effects on amphibians. Synergistic interactions between 
UV radiation and a pathogenic fungus, and UV radiation and pH 
have been found to affect embryo mortality in four different species 
of anurans [e.g., R. pipiens (Long et al. 1995), R. cascadae, H. regilla, 
and Rufo boreas (Kiesecker and Blaustein 1995)}. Differential sensi-
tivity among several species of amphibians to UV radiation as mea-
sured by embryo mortality, photolyase activity, or rates of develop-
ment were found by Anzalone et al. (1998), Blaustein et al. (1994), 
Blaustein et al. (1996), Hays et al. (1996), Lizana and Pedraza 
(1998). Differential sensitivity to UV radiation may be responsible 
in part for widespread and species-specific declines in amphibian 
populations (Blaustein et al. 1994). Kiesecker and Blaustein (1995) 
further state that studies investigating single factors for causes of 
amphibian egg mortality or population declines may not reveal com-
plex factors involved in declines. Our results support the hypothesis 
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that UV radiation, in interaction with other stressors, affects devel-
opment to metamorphosis in anurans. 
Interactions among chemical stressors also affected developmental 
time and the number of H. chrysoscelis metamorphs. Larval mortality 
was the only response variable affected by a single anthropogenic 
stressor (e.g., atrazine, chlorpyrifos). For both stressors an increase in 
concentration led to an increase in mortality. Data on effects of at-
razine, chlorpyrifos, and methyl mercury on amphibians are rare and 
generally limited to single stressor experiments (US EPA 1980, Hud-
son et al. 1984) or chemical residues in collected specimens (Byrne 
et al. 1975, Klaassen and Kadoum 1979). In an experiment exam-
ining interactive effects between field-grade formulations of atrazine 
and alachlor on short term (e.g., 96 h) survival in R. pipiens and B. 
americanus, Howe et al. (1998) found a synergistic relationship be-
tween the two chemicals. Britson and Threlkeld (1998) found several 
correlations between atrazine, chlorpyrifos, MSMA and methyl mer-
cury on H. chrysoscelis responses. Interactions between the chemicals, 
while potentially informative, could not be determined due to the 
low number of mesocosms colonized. 
Data on organisms added to mesocosms and number of survivors 
allowed us to express rates of malformations as percent of absolute 
incidence in the population and as a sublethal effect. Most reports 
express incidence of malformations in number of surviving or col-
lected individuals (e.g., Borkin and Pikulik 1986, Hebard and Brun-
son 1963, Ouellet et al. 1997, Sessions and Ruth 1990, Worthington 
1974). Alvarez et al. (1995) express incidence of malformations in 
number of surviving R. perezi in a laboratory experiment. Blaustein 
et al. (1997) reported malformations in Ambystoma macrodactylum em-
bryos that hatched during exposure to ambient and reduced levels 
of UV-B radiation. While both latter groups also report percent 
mortality (dead individuals or unhatched eggs) in exposed groups, 
they do not report incidence of malformations in these individuals. 
Without such data, malformations cannot be presumed to be lethal 
to affected individuals. Malformations may impair affected individ-
uals making them more vulnerable to predation or less able to obtain 
sufficient resources for survival (e.g., food, cover, etc.). Borkin and 
Pikulik (1986 and references therein) and Sessions and Ruth (1990) 
found that incidence of malformations in collected individuals de-
creased with an increase in age class (individuals categorized as larval, 
juveniles or recent metamorphs, and adults). Britson and Threlkeld 
(1998) showed a negative correlation between the percent of mal-
formation in H. chrysoscelis tadpoles and the percent of tadpoles ac-
tively engaged in feeding behavior. 
The percent of surviving R. sphenocephala or H. chrysoscelis individ-
uals with malformations was lower than the 15.5% malformed H. 
chrysoscelis individuals observed in a prior mesocosm experiment 
(Britson and Threlkeld 1998). We propose two hypotheses for the 
incidence of developmental malformations: (1) the window for mech-
anism(s) producing malformations is present early in development as 
all R. sphenocephala tadpoles were free of visible malformations prior 
to experimental manipulation or (2) competition impairs survival of 
malformed individuals. The higher percent of malformed H. chrysos-
celis individuals in 1996 (no competitors) versus 1997 (competitors 
present) and the higher percent of malformed H. chrysoscelis individ-
uals (exposed to stressors from egg to metamorphosis) than R. sphen-
ocephala (exposed from tadpoles to metamorphosis) in this experiment 
support these hypotheses. Due to the low number of malformations 
across all mesocosms we were unable to conclusively demonstrate 
that developmental mechanisms are significantly affected by anthro-
pogenic or environmental stressors. 
While the percent of malformed individuals was low, it is higher 
than "background levels" of malformations in individuals from hab-
itats in which there were no known stressors affecting development. 
Ouellet et al. (1997) found hindlimb malformations (ectromelia and 
ectrodactly) in 0.7% of individuals from pesticide-free habitats and 
in 12% of individuals collected from farmland habitats in which 
pesticides were used. Several researchers report populations with high 
numbers of malformations but also identify possible stressors pro-
ducing the malformations. Borkin and Pikulik (1986) reported poly-
dactyly in 4.17-36.81 % of collected R. lessonae and R. esculenta and 
propose a teratogenic virus as the probable agent affecting malfor-
mations. Hebard and Brunson (1963) report malformations in 18.9% 
and 30.7% of collected H. regil/a metamorphs (2 samples) and pro-
pose waste products from cattle or radiation as the causative agent(s). 
Sessions and Ruth (1990) report supernumerary limbs in 72% of 
collected H. regil/a and 28% of A. macrodactylum individuals and 
identify a parasitic trematode as the causative agent. Worthington 
(1974) identified deviant trunk vertebral counts and limb anomalies 
in 35% and 88%, respectively, in collected A. maculatum and sug-
gested that high temperatures during development may be respon-
sible for malformations. 
Habitat destruction, pollution, increased UV radiation, natural 
population fluctuations, disease, introduced competitors, and pred-
ators have been proposed as possible sources for declines in amphib-
ian populations (Hays et al. 1996). Pesticides, UV radiation, and 
parasites have also been implicated as causative agents for the ap-
parent increase in malformations in amphibians (Blaustein et al. 
1997). In this experiment we examined several of these stressors for 
their effects on amphibians. Interactive effects among stressors were 
common indicating that results from experiments examining a single 
stressor may not be fully representative of processes occurring in 
natural habitats. Several H. chrysoscelis responses were also affected by 
the presence of an interspecific competitor. Sparling et al. (1995) 
suggested that interspecific competition may interact with other 
stressors on amphibian populations in field studies. Biological phe-
nomena such as population declines and malformations will not be 
fully understood until experiments are conducted that examine ef-
fects of multiple, interacting stressors on the complete amphibian 
life cycle and mechanisms producing the response(s) are identified. 
If potential effects of biotic stressors such as competitors are not 
evaluated in these experiments, results may be misinterpreted lead-
ing to ineffective conservation efforts. 
ACKNOWLEDGMENTS 
Although the research described in this article has been funded 
wholly or in part by the United States Environmental Protection 
Agency under assistance agreement R821832-0l-O to the University 
of Mississippi, it has not been subjected to the Agency's peer and 
administrative review and therefore may not necessarily reflect the 
views of the Agency and no official endorsement should be inferred. 
Experimental protocols were approved by the University of Missis-
sippi Internal Animal Care and Use Committee (protocol #96-025). 
We thank B. Libman for assistance in statistical analyses,]. Steevens 
and ]. Allgood for chemical analyses, R. Lizotte, Jr. for assistance 
collecting Rana eggs,]. Enoch for assistance collecting metamorphs, 
and numerous members of the project field crew for making this 
experiment possible. 
LITERATURE CITED 
ALVAREZ, R., M.P. HONRUBIA, and M.P. HERMEZ. 1995. Skeletal 
malformations induced by the insecticides ZZ-Aphox® and Folidol® dur-
ing larval development of Rana perezi. Archives of Environmental Con-
tamination and Toxicology 28:349-356. 
ANZALONE, C.R., L.B. KATS, and M.S. GORDON. 1998. Effects of solar 
UV-B radiation on embryonic development in Hyla cadaverina, Hyla 
regilla, and Taricha torosa. Conservation Biology 12:646--653. 
BLAUSTEIN, A.R., P.O. HOFFMAN, D.G. HOKIT, ]. M. KIESECKER, 
S.C. WALLS, and J.B. HAYS. 1994. UV repair and resistance to solar 
66 )OUR. IOWA ACAD. SCI. 107(2000) 
UV-B in amphibian eggs: a link to population declines? Proceedings of 
the National Academy of Science 91:1791-1795. 
BLAUSTEIN, A.R., D.B. WAKE, and W.P. SOUSA. 1994. Amphibian de-
clines: judging stability, persistence, and susceptibility of populations to 
local and global extinctions. Conservation Biology 8:60-71. 
BLAUSTEIN, A.R., B. EDMOND, J.M. KIESECKER, J.J. BEATTY, and 
D.G. HOK.IT. 1995. Ambient ultraviolet radiation causes mortality in 
salamander eggs. Ecological Applications 5:740-743. 
BLAUSTEIN, A.R., P.D. HOFFMAN, J.M. KIESECKER, and J.B. HAYS, 
1996. DNA repair activity and resistance to solar UV-B radiation in eggs 
of the red-legged frog. Conservation Biology 10:1398-1402. 
BLAUSTEIN, A.R., J.M. KIESECKER, D.P. CHIVERS, and R.G. AN-
THONY. 1997. Ambient UV-B radiation causes deformities in amphib-
ian embryos. Proceedings of the National Academy of Science 94:13735-
13737. 
BORKIN, L.J., and M.M. PIKULIK. 1986. The occurrence of polymely and 
polydactyly in natural populations of anurans of the USSR. Amphibia-
Reptilia 7 :205-216. 
BRIDGES, C.M., and W.H.N. GUTZKE. 1997. Effects of environmental 
history, sibship, and age on predator-avoidance responses of tadpoles. Ca-
nadian Journal of Zoology 75:87-93. 
BRITSON, C.A., and R.E. KISSELL, JR. 1996. Effects of food type on 
developmental characteristics of an ephemeral pond-breeding anuran, 
Pseudacris triseriata feriarum. Herpetologica 52:374-382. 
BRITSON, C.A., and S.T. THRELKELD. 1998. Abundance, metamorpho-
sis, developmental and behavioral abnormalities in Hy/a chrysoscelis tad-
poles following exposure to three agrichemicals and methyl mercury in 
outdoor mesocosms. Bulletin of Environmental Contamination and Tox-
icology 62:154-161. 
BYRNE, A.R., L. KOSTA, and P. STEGNAR. 1975. The occurrence of 
mercury in amphibia. Environmental Letters 8:147-155. 
GOSNER, K.L. 1960. A simplified table for staging anuran embryos and 
larvae with notes on identification. Herpetologica 16:183-190. 
HAYS, J.B., A.R. BLAUSTEIN, J.M. KIESECKER, P.D. HOFFMAN, I. 
PANDELOVA, D. COYLE, and T. RICHARDSON. 1996. Develop-
mental responds of amphibians to solar and artificial UVB sources: a 
comparative study. Photochemistry and Photobiology 64:449-456. 
HEBARD, W.B., and R.B. BRUNSON. 1963. Hind limb anomalies of a 
western Montana population of the Pacific tree frog, Hy/a regilla Baird 
and Girard. Copeia 1963:570-572. 
HOWE, G.E., R. GILLIS, and R.C. MOWBRAY. 1998. Effect of chemical 
synergy and larval stage on the toxicity of atrazine and alachlor to am-
phibian larvae. Environmental Toxicology and Chemistry 17:519-525. 
HUDSON, R.H., R.K. TUCKER, and M.A. HAEGELE. 1984. Handbook 
of toxicity of pesticides to wildlife. Second edition. U.S. Dept.artment 
of the Interior, Fish and Wildlife Service, Resource Publication 15 3. 
KIESECKER, J.M., and A.R. BLAUSTEIN. 1995. Synergism between UV-
B radiation and a pathogen magnifies amphibian embryo mortality in 
nature. Proceedings of the National Academy of Science 92:11049-
11052. 
KLAASSEN, H.E., and A.M. KAOOUM. 1979. Distribution and retention 
of atrazine and carbofuran in farm pond ecosystems. Archives of Envi-
ronmental Contamination and Toxicology 8:345-3553. 
LICHT, L.E., and K.P. GRANT. 1997. The effects of ultraviolet radiation 
on the biology of amphibians. American Zoologist 37:137-145. 
LIZANA, M., and E.M. PEDRAZA 1998. The effects ofUV-B radiation on 
toad mortality in mountainous areas of central Spain. Conservation Bi-
ology 12:703-707. 
LONG, L.E., L.S. SAYLOR, and M.E. SOULE. 1995. A pH/UV-B synergism 
in amphibians. Conservation Biology 9:1301-1303. 
MONTGOMERY, J.H. 1997. Design and analysis of experiments. Fourth 
edition. Wiley and Sons, New York. 
OUELLET, M., J. BONIN, J. DESGRANGES, and S. LAIR. 1997. Hin-
dlimb deformities (ectromelia, ectrodactyly) in free-living anurans from 
agricultural habitats. Journal of Wildlife Diseases 33:95-104. 
OVASKA, K., T.M. DAVIS, and l.N. FLAMARIQUE. 1997. Hatching suc-
cess and larval survival of the frogs Hy/a regilla and Rana aurora under 
ambient and artificially enhanced solar ultraviolet radiation. Canadian 
Journal of Zoology 75:1081-1088. 
SESSIONS, S.K., and S.B. RUTH. 1990. Explanation for naturally occurring 
supernumerary limbs in amphibians. Journal of Experimental Zoology 
254:38-47. 
SPARLING, D.W., T.P. LOWE, D. DAY, and K. DOLAN. 1995. Responses 
of amphibian populations to water and soil factors in experimentally-
treated aquatic macrocosms. Archives of Environmental Contamination 
and Toxicology 29:455-461. 
US EPA. 1980. Ambient water criteria for mercury. U.S. Environ. Protection 
Agency, Report 44015-80-058. National Technical Information Service, 
Springfield, Virginia. 
US EPA. 1995. The generic expected environmental concentration program 
(GENEEC) Vers. 21; tier one screening model for aquatic pesticide ex-
posure. Environmental Fate and Effects Division, Office of Pesticide Pro-
grams, Washington, D.C. 
WORTHINGTON, R.D. 1974. High incidence of anomalies in a natural 
population of spotted salamanders, Ambystoma maculatum. Herpetologica 
30:216-220. 
